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Abstract 
Additive Layer Manufacturing (ALM) shows a great potential for the production of lightweight designed 
components. The use of lattice structures is one of the most common approaches for lightweight design in ALM 
because they show a high stiffness and strength combined with a small mass. To reach an optimum design, these 
structures should not have a periodical build up, but have to be optimized concerning their course and the strut’s 
diameters. For the load dependent adaption of the diameters, the material properties of such filigree structures have to 
be known well. This geometry-dependent, anisotropic material behavior is described in the following paper. 
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1. Motivation 
1.1. Lattice Structures for Additive Layer Manufacturing 
Additive Layer Manufacturing (ALM) shows a high potential for the production of parts in small and 
medium lot sizes [1], [2]. Especially in case of the manufacturing of complex parts, ALM processes have 
some very advantageous properties, like the producible geometrical freedom. Therefore, Additive Layer 
Manufacturing is very well suited for the production of lightweight design parts. 
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Common lightweight design approaches can be classified in three categories, depending on their 
geometrical dimensions: 
 macroscopic lightweight design; 
 mesoscopic lightweight design; 
 microscopic lightweight design [3]. 
Mesoscopic approaches, which are the research focus of this paper, deal with the replacement of 
massive part areas by complex geometries like lattice structures or honeycombs.  
Currently, these structures have a periodic design (see Fig. 1 (a)). This is the established approach for 
their application. Several software tools are available to generate such geometries for Additive Layer 
Manufacturing. However, this kind of structure is not ideal, because it does not apply the whole potential 
by means of lightweight design. The reason is a great amount of bending loads and the different stresses 
in the single struts in periodic structures [4]. This state is not the optimal constitution for lightweight 
design. Rather, only push and pull forces should appear inside the single struts and the load should be 
equal for the whole structure. 
1.2. Approach for the Optimization of Lattice Structures 
The presented research topic concentrates on the optimization of lattice structures. Therefore, two main 
approaches have to be considered. 
On the one hand, the kind of stress inside the single struts has to be optimized. According to former 
analyses this state can be achieved by orienting the struts along the main stress tensors inside a given 
design space [5]. 
On the other hand, the diameters of the struts have to be optimized in order to fulfill specific 
requirements like manufacturability or strength. 
1.2.1. Optimization of the Course of Lattice Structures 
 
In [4], lattice structures, which are adapted to the flux of force inside a respective part, are compared to 
a structure with a regular build-up. This is performed at the example of a shear loaded beam (see Fig. 1). 
Amongst others, the ratio of the parts stiffness to the mass of the structure is adopted to compare the 
different structures. 
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Fig. 1. (a) periodic and (b) flux of force adapted buildup of lattice structures in a shear loaded beam, according to [4] 
A displacement of 0.142 mm results at the force application point from a shearing load of 300 N for 
periodically structured beams.. Thereby, the ratio of the beam’s stiffness to its mass can be calculated as 
14.4 N/(mm g). 
The flux of force adapted structure, in contrast, shows a displacement of 0.130 mm and at a mass of 
83.58 g. From these values a stiffness to mass ratio of 27.7 N/(mm g) can be calculated. This means an 
improvement of 93 % compared to the periodic structure. 
Hence, a great potential for the flux of force adaption of lattice structures has been shown in [4]. 
Beyond the summarized investigations for the stiffness to mass ratio, this has also been shown for the 
structures strength. Here, a similar behavior has shown. 
1.2.2. Optimization of the Strut Diameters of Lattice Structures 
 
Beyond the optimization of the course of lattice structures, the single diameters of the struts have to be 
adapted to reach a best possible stress distribution in the structure. Thereby, a constant material saturation 
can be reached within the part, which leads to an enhanced lightweight design. 
For this optimization, the cross sections of the individual struts are adapted with respect to the 
appearing loads in order to meet several requirements. One of these requirements is the minimum strut 
diameter, which has to be met to assure the structures manufacturability. Another requirement is the 
maximum stress appearing in the single struts. 
In [6], this optimization has been executed for the shear loaded beam which can be seen in Fig. 1 (b). 
Therefore, a target von-Mises stress of 31-32 N/mm² as well as a minimum strut diameter of 0.5 mm have 
been set as optimization goals. The results are compared by the ratio of the structures strength (force at the 
limit of elasticity) to the structures mass. 
For the structure with uniform strut diameters, the requested maximum von-Mises stress of 
31.8 N/mm² is reached for a diameter of 2.26 mm. This leads to a mass of 104 g. From these values, the 
ratio of strength to mass can be calculated as 4.97 N/g. 
This structure has been optimized as described before. Thus, it is possible that each strut either meets 
the requested von-Mises stress of 31-32 N/mm or the minimum diameter of 0.5 mm (see Fig. 2). Hence, a 
maximum stress of 31.95 N/mm² was achieved with a mass of 57.5 g. From these values, the ratio of 
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strength to mass can be calculated as 8.98 N/g. This means an enhancement of 80 % compared to the 
structure with uniform diameters. 
 
Fig. 2.  (a) uniform; (b) optimized strut diameters in flux of forced optimized structure for a shear loaded beam, according to [6] 
1.2.3. Consideration of material properties 
 
The optimization of the struts’ diameters presented in section 1.2.2 has been executed for a maximum 
von-Mises stresses of 31-32 N/mm². The value was chosen as the uniform optimization goal for all struts. 
This proceeding is valid, as long as the material properties for all of the struts are equal. 
However, numerous investigations (e. g. in [7] and [8]) prove that ALM-processed parts exhibit an 
anisotropic material behavior depending on the building direction of the process. Beyond that, the 
material properties of filigree structures do also depend on the structures geometry. In this case the struts’ 
diameters have a sever influence, as it has been shown in [9]. 
This anisotropic, geometry dependent material behavior has to be considered, when the maximum of 
the von-Mises stresses for the single struts are defined for the optimization. Therefore, these values have 
to be determined for each strut separately, depending on its angle compared to the building direction and 
its diameter. 
Former works (e. g. [7], [8] and [10]) have investigated the anisotropic behavior with regular tensile 
specimen. However, the influence of geometrical attributes is not taken into account, here. Especially for 
lattice structures, which consist almost only of filigree beams, an influence of e. g. strut length or 
diameter cannot be spaced out [9]. 
In the following sections, extensive investigations on the geometry and process specific material 
properties of struts will be presented. The results are the basis for the build-up of a material model, which 
can be used to determine suitable values for maximum von-Mises stresses of the single struts in a lattice 
structure. 
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2. Investigations on the Mechanical Properties of ALM produced Struts in Lattice Structures 
To determine the material properties of filigree struts in ALM produced lattice structures, an extensive 
series of investigations has been executed. On the one hand, the mechanical behavior of the struts has 
been investigated in dependence of several geometrical parameters. On the other hand, the influence of 
some specific parameters of the ALM process on the struts surface roughness, which has a major 
influence on the strength of the struts, has been investigated. 
The manufacturing of all of the testing specimens has been executed on the ALM machine 
SLM 250HL. AlSi12 was used as the material. Similar to the struts in lattice structures, no subsequent 
machining was carried out after the building process. 
2.1. Geometry-Specific Material Properties 
In [9], it has been shown that different geometric properties have a more or less severe influence on the 
mechanical properties of the single struts in lattice structures. These parameters are: 
 polar angle of the strut in the building chamber 
 azimuth angle of the strut in the building chamber 
 diameter of the strut’s circular cross section 
 length of the strut 
These parameters can be seen in Fig. 3. The used tensile specimen is depicted in the left part of the 
figure. It has two fixing points, which are designed analogue to the standardized flat test specimen 
DIN 50125 form E. The testing geometry with its circular cross section is placed between these fixing 
points. The transition from the fixing point to the testing geometry was designed by a curve with a radius 
of 1 mm to minimize notch stresses. 
 
 
Fig. 3.  (a) tensile specimen; (b) azimuth and polar angle on building platform, according to [9] 
The specimens have been built up with a layer thickness of 50 μm and the manufacturer’s standard set 
of process parameters. 
2.1.1. Experimental procedure 
 
In the examination of the specimen, geometrical failures caused by the building process are 
influencing the result. These failures do for example appear for big polar angles near 90°. The fact that 
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these failures are included in the tensile testing is very advantageous for the development of the material 
model, because the same failures will also appear in the lattice structures for the respective parameter 
values. Hence, the model will be a model which combines material properties and dimensional accuracy 
rather than a pure material model [9]. 
In [9], it has already shown that the position of the specimen on the building platform, the length of the 
struts, as well as the azimuth angle do not have a significant influence on its mechanical properties. 
Therefore, these parameters will not be considered in the next section. 
However, the results for the other parameters (polar angle and strut diameter) will be exemplified 
closer. For these two parameters the following values were investigated: 
 polar angle: 0.0°, 22.5°, 45.0°, 67.5°, 90.0° 
 strut diameter: 1.5 mm, 2.0 mm, 3.0 mm 
These ranges of the diameters have been chosen, because they cover mostly all the recently used 
geometries. The tensile tests were executed on a testing machine of the type Zwick/Roell Z100, whereat 
the strain was measured by a non-contact camera system. Thereby, the mechanical properties 
 Young’s modulus (E), 
 shear modulus (G), 
 limit of elasticity (Rp0,2), 
 tensile strength (Rm), and 
 ultimate strain 
have been determined [9]. 
2.1.2. Results 
 
In this section, the influence of the polar angles and the struts’ diameters on the Young’s modulus and 
the tensile strength will be exemplified. These two properties have been chosen because they are very 
advantageous for the investigation of whole structures. Thereby, the arithmetical means of five tensile 
specimen of each variant are used in the graphs. 
Fig. 4 shows the respective results for the Young’s modulus. As it can be seen, the Young’s modulus 
of thin struts is severely below the one for thick struts. At a diameter of 3 mm, the Young’s modulus has 
reached a value which is similar to standardized tensile specimens (approximately 60 GPa), and has 
therefore reached its maximum. 
 
Fig. 4.  Young’s modulus as a function of polar angle and strut diameter, according to [9] 
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This dependency can be explained with the appearance of notches on the struts surface. At a higher 
surface to volume ratio (as in case of small diameters), these notches have a greater influence on the 
material properties of the whole strut and worsen its behavior [9]. 
Furthermore, a strong dependency of the Young’s modulus and the polar angle can be recognized. This 
anisotropic material behavior of additive manufactured parts can also be found in literature, as for 
example in [7] and [8]. 
As it can be seen, the values are strongly decreasing for big polar angles. This is due to the bad 
manufacturability of horizontal struts, which leads to strong geometrical defects. 
The analogue results for the tensile strength can be seen in Fig. 5. As in case of the Young’s modulus, 
an influence of the struts diameter as well as the polar angle can clearly be recognized. Furthermore, the 
worse mechanical properties for bigger polar angles due to the manufacturability can be recognized [9]. 
 
Fig. 5.  Tensile strength as a function of polar angle and strut diameter, according to [9] 
The trend of the mechanical properties in dependency of the struts’ diameters leads to the conclusion, 
that the surface roughness has a strong influence on the mechanical properties of the struts. Therefore, it 
is necessary to enhance this parameter as much as possible to reach satisfying values. 
For this reason, a parameter study will be presented in the next section, which investigates the 
correlation of the surface roughness with the process parameters laser power and scan velocity. 
2.2. Process-Specific Material Properties 
It is important to gain a good surface quality in order to avoid notch stresses and therefore reach good 
material properties. For that reason, a parameter study has been executed, which investigates the 
correlation of the surface roughness with the laser power and the scan velocity of the contour exposure. 
For these investigations, several struts with a diameter of 2 mm have been built up (layer thickness 
30 μm) directly on the building platform under different polar angles (22.5°, 45° and 67.5°) and with 
different scanning parameters (see Fig. 6 left). 
2.3. Results 
The results are exemplarily shown in Fig. 6 right for a polar angle of 67°. As it can be seen, there is a 
distinctive line with a minimum of the surface roughness (here Rz). 
There have been carried out numerous series of measurement for different polar angles and different 
measuring points on the struts beyond this investigation. Thereby, it has shown that a minimum surface 
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roughness exists for each test series. However, the position of this minimum as well as its value can vary. 
Therefore, the process parameters should be adapted to the respective strut geometry to reach a best 
possible surface roughness and ideal mechanical properties. 
 
Fig. 6.  building platform with specimens for roughness measurement, which have been built up with (a) varying scanning 
parameters and (b) Rz-values for polar angle 67.5° 
3. Summarization and Outlook 
Additive Layer Manufacturing has a high potential for the production of lightweight components due 
the achievable geometric complexity. Especially lattice structures, which are an established approach for 
lightweight design, exhibit some very advantageous properties like low masses in combination with high 
stiffness and strength. Currently, these structures have a very periodical build-up. This leads to very 
disadvantageous stress states like bending loads in the single struts and an unequal stress distribution in 
the structure. 
Therefore, the structure has to be optimized in two ways. On the one hand, the course of the structure 
has to be adapted to the flux of force of the part. Hence, bending loads can be avoided which leads to a 
higher stiffness and strength. 
On the other hand, the diameters of the circular cross sections of the struts have to be optimized in 
compliance with the appearing loads and the boundaries of the manufacturing process. 
Due to these optimization steps, a very complex structure results. This structure consists of a multitude 
of struts with different lengths, diameters and orientations. Unfortunately, these parameters have a 
varying influence on the mechanical properties of the struts. 
Therefore, numerous investigations have been carried out in order to build up a material model which 
describes these correlations. This model mainly contains the strong influence of the strut’s polar angle 
and diameter on the material properties. 
Furthermore, it has shown that notch stresses due to the struts surface roughness have a strong impact 
on the mechanical behavior. Therefore, a good surface quality has to be reached in order to avoid a 
worsening of the struts’ strength and stiffness. For this reason, an extensive study on the influence of 
different process parameters on the surface quality has been done. 
In future works, further investigations will be done, which concentrate on the subsequent work like 
blasting or thermal treatment to enhance the mechanical properties of the filigree struts. 
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